As the use of electric vehicles grows there is a greater possibility of using aggregated sets of electric vehicles as a large flexible unit to assist with the control of the power system. In this paper, the possibility of using electric vehicles as a flexible load for frequency control is investigated. The investigations are performed in a Pan-European interconnected grid with varying wind power penetration and different operational scenarios. Within this grid, the paper focuses on primary frequency control provision from electric vehicles and how the system behaves as the vehicles are being controlled within their respective areas. The investigations show that electric vehicles can be used for primary frequency control with different wind power penetration. By controlling the vehicles, the steady state frequency is improved and, since the vehicles react fast enough to the frequency changes, also frequency nadir and rate of change of frequency are positively affected.
I. INTRODUCTION
The electrical energy generation is changing from centralized generation units to decentralized generation units with the introduction of renewable energy sources (RES). The transition to a decentralized, fossil-free energy system has to a certain degree caused the system controllers to lose control of the energy generation in the system. The production from the decentralized units is characterized by stochasticity, e.g. due to the weather dependency. In addition, the deployment of a large amount of renewable energy sources into the power system causes a loss of inertia in the system. Current renewable energy sources are connected to the grid through power converters; therefore they do not provide any mechanical inertia contribution to the system. This means that the system becomes more sensitive to all power imbalances, which can cause significant frequency changes, and in the worst case, a blackout of the system [1] - [4] .
The requirement of ensuring system balance is therefore becoming more challenging, compared to the traditional power system which included large centralized generation units. The large centralized generation units were easy to control for maintaining the systems power balance and provided a large inertial response in the system due to the large synchronous rotating mass of the conventional units. These units are now gradually being shut down and replaced by RES. The system operators are therefore looking for new ways to ensure the system stability [5] .
With the current growth in the number of electric vehicles (EVs) comes the opportunity of using the vehicles to maintain the power balance in the system, as the EVs can be considered as energy storage systems. If the charging of the EVs could be adequately controlled, a great control possibility could be achieved. By using the EVs, the control of the system would be moved -by a certain degree -from controlling the generation to controlling the consumption [6]- [10] .
Ancillary services represent an important part of the operational costs of networks and are critical for an efficient and secure grid operation. Typical examples are active power balancing (frequency control and stability, in which the EVs could contribute to), voltage control and stability, transmission system security and black start capability. Denmark is a part of two synchronous power systems with different requirements for the ancillary services which the EVs controllers must fulfill.
The aim of the paper is to implement and simulate sets of aggregated EVs in a high voltage grid, to investigate the possibility of using the EVs to function as ancillary services (frequency control and stability). The study has been carried out by means of RMS simulation activities in DIgSILENT PowerFactory software environment. The paper is structured as follows. Section II presents the modelled grid. Primary frequency control by EVs is reported in Section III, together with a detailed description of the proposed innovative controller. Section IV presents the simulation studies: the scenarios are defined, and results are presented and discussed.
II. SYSTEM LAYOUT
The modelled grid is called the Pan-European grid and is used for research purposes in the European project ELECTRA IRP [11] , [12] . The grid is built up to resemble the European transmission grid with its transmission voltages and a grid frequency of 50 Hz. The transmission voltages in the Pan-European grid are 220 kV and 400 kV just as in the European transmission system. The generation units are set at 20 kV buses where step-up transformers connect to the main grid while the loads are connected directly to the main grids buses [13] .
The Pan-European grid is built up by four areas or cells which are then connected by transmission lines of varying lengths. Three of the areas are AC grids while the fourth is a DC part. In order not to overcomplicate the simulations study it was decided not to include the DC wind park which is in the DC part of the Pan-European grid. Nevertheless, the DC converters play a critical role in the voltage control of the system and therefore it was decided to use the converters for voltage regulation.
The three AC grid areas include a different amount of the conventional and wind power generation as well as load. Area 1 has the biggest share of the nominal generation, while Area 2 has no wind power generation while it is the area with the largest share of the load. Area 2 plays an important role in the simulations as the reference bus and slack machines are placed there.
The Pan-European grid includes:  9 conventional synchronous machines (500 MVA each)  410 wind turbines (6.7 MVA each)  Several 3 phase loads with a total demand of 2600 MW and power factor of 0.95  The total system inertia (2H) spans from 10 seconds when no wind turbines are connected to 2.5 seconds in the 90% penetration scenario. The EVs are modelled as single-phase loads which are located at a residential voltage level. The EVs are implemented with a controller which can control the charging level of the vehicles. The controller is programmed to allow the EVs to provide fast primary control. The control process and the EVs capability to provide frequency control is tested on several operations scenarios. The control process includes some time delays which affect the EVs reactions to a frequency change [14] .
III. MODELING THE AGGREGATED SET OF EVS
In this paper it is assumed that 42% of all personal vehicles in Denmark will be electric and 10% of them (100,000 EVs) can be used or the frequency control at any given time. The Pan-European grid includes roughly half of the average load in Denmark, to have to comparison to the Danish grid it was decided to include only 50,000 EVs in the modelled grid. It was decided to place the EVs at three buses, one bus in each of the three AC grid areas within the Pan-European grid. The EVs are aggregated in groups of 1111 vehicles which are represented as one single-phase load as indicated in Fig. 1 . The single-phase loads are then placed in sets of five on each phase on the three buses. This is done to have the possibility of simulating different EVs and controller characteristics on the same bus. The 1111 EVs are to be aggregated together and are therefore equipped with a controller. Each of the singlephase loads has a controller which measures the frequency at the load's terminals and controls the active power consumption of the load (which is the charging of the EVs). 
A. Aggregation method
The EVs are controlled by changing the charging current in the range of 6-16 A, as this is the charging range given by the standard IEC61851. This means that in normal operation where the frequency is 50 Hz, the vehicles will be charging at 11 A, meaning that they can offer a symmetrical flexibility window for up/down-frequency regulation [10] . The EVs do not participate in the voltage control and do therefore not consume or generate any reactive power. Each single-phase load is given the size of 2.8 MW and the load type of 1 PH-PH-N as it is a single-phase load that uses the neutral.
The vehicles were grouped into 45 different single-phase loads. Each load has its own controller which includes the EV and controller characteristics reported in Fig. 2 . Therefore, it is possible to simulate the different time delays caused by the controller or the EV itself. The time delays represent the time needed for the measurement, the set-point calculation, and the communication. 
B. EV Control
The controller measures the voltage and frequency at the 0.4 kV bus, which the respective vehicles are connected to, by the Fmeas and Vmeas blocks (see Fig. 2 ). The EVs do not participate in voltage control, but the voltage measurement signal is connected to the I to P block to create a linear voltage dependency. The EVs reactive power is set to zero since they are not participating in the voltage control.
The measured frequency signal is connected to the EV_FPC_control_new block (see Fig. 3 ) where the frequency signal is changed to a current signal. This is performed as the desired regulation is to have the charging current of the vehicles reacting to changes in the frequency. The functionality of the EV_FPC_control_new block is described later in this section.
By looking back at diagram described in Fig. 2 , it can be noticed that the current signal from the EV_FPC_control_new block is connected to the Tdel_EV, giving the time delay of the EVs, which represents the time requested from the EVs to get activated. The delayed current signal is then connected to the Analog del block which changes the stepped current signal to an exponential behavior. This is done because each of the loads represents a number of EVs instead of just one. That means that not all the vehicles will react in the same way to the controllers' set-point, as each vehicle has its own characteristic.
The purpose of the last two blocks in Fig. 2 is to get the signal from the controller to the single-phase loads as each load represents many vehicles. The I to P block receives the measured voltage signal and the current signal from the Tdel_EV block. The block has embedded equations to change the current signal into an active power signal while, as mentioned earlier, the reactive power signal is set to zero. Each single-phase load active power (P nom ) is 2.8 MW at normal operation, where the charging current (I nom ) is 11 A. The active power has to change with the current to enable the frequency control.
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(1) = 0 (2) Fig. 3 . The EV_FPC_control_new block structure in PowerFactory.
The EV block receives the calculated active power signal and fixed reactive power signal. The block represents the single-phase load connected to the controller. The singlephase load represents the aggregated vehicles which receives the signal from the block. Droop characteristic
The EV_FPC_control_new block (see Fig. 3 ) is where the measured frequency signal is changed to a current signal, which is then used further by the controller. The block takes the measured frequency signal into the block Tdelay which adds a measurements time delay to the signal. The delayed frequency signal is then connected to the f-I droop block which alters the frequency signal to a current signal by usage of the droop curve reported in Fig. 4 . The current signal from the f-I droop block (see Fig. 3 ) is connected to the Round block which rounds the current signal to the nearest integer number. This process is performed due to a requirement set by the IEC61851 standard as was considered in [13] . The rounded current signal is then connected to the Select logic block which reduces possible oscillations of the rounded current signal. If the current signal from the f-I droop block is in the middle of two consecutive integer numbers and changing slightly, it would cause undesired oscillations of the EVs charging current. To avoid this the block is programmed in such a way that the charging current can change one ampere in one direction, if the control signal wants to change the direction, the controller will need a signal of a two ampere change of the current. To achieve this, the Select logic block needs to have the former current value and direction of the current change. To make this possible in the program the two Tdelay blocks are used, which have the time delays of Tdel2 and Tdel3. The delayed signals I_out. and Test_ are connected to the Select logic block which will use them to reduce the oscillations as much as possible by comparing the new signal to the old one. The old current signal will include the old current value while the test signal indicates the direction of the current change. The current change direction will be given by 1,0,1, where -1 is for a decreasing current, 1 for increasing current and the 0 is for the initialization of the controller.
C. The droop characteristics
How the algorithm is constructed and how each variable is taken into account is described in [13] . How the frequency signal is processed and affected by the time delays can be seen in the example reported in Fig. 5 . 
IV. SIMULATIONS SCENARIOS AND RESULTS
All the simulation scenarios include the same event in the grid, which entails one of the generators falling out of service. The generator has a fixed active power generation while the reactive power depends on the voltage, as the machine contributes to the voltage control. The machines active power generation is 5% of the grids total load (that is, the three-phase loads and all the EVs at a charging current of 11 A). Table 1 shows the simulations scenarios and cases, and which operation cases will be investigated. The first three scenarios are performed to investigate the participation of the EVs. The system is tested with and without controlling the EVs in the grid with a different amount of wind power penetration. After having tested the control process of the EVs, the droop characteristics of the EVs controller can be tested in a grid with a high wind power penetration. The droop characteristics of the EVs controller show how sensitive the vehicles are for changes in the frequency. A low droop value could therefore cause oscillations in the charging current. The droop characteristics are therefore tested with and without the logic part in the controller.
Scenarios 5 and 6 are performed to determine how the system reacts if the EVs do not have the same response to the set-point given by the controller. The controllers in the three areas can have different time delays and therefore cause different delays between the three areas. The grid can include different controllers and/or EVs at the buses which can cause different time delays between the phases. The last scenario (Scenario 7) is performed to investigate how the system performs if the control process includes lower time delays. 
A. Scenarios 1-3: The participation of the electric vehicles
The simulations are performed to investigate how the EVs are reacting in the grid with different levels of wind power penetration. The EVs are simulated without any control and with a 4% droop characteristics for the frequency control. In the case where the vehicles are not controlled they act as a constant load (see from Fig. 6 and Fig. 7) .
The scenarios showed that the EVs can contribute to the frequency control and do not have any noticeable negative effects on the system. It was noticed from the simulations that the vehicles have no effect on the nadir or the ROCOF values. This is because the vehicles are simulated with some time delays within the control process. The governors of the machines are therefore faster to make the frequency increase than the vehicles can start to change their active power consumption. However, the EVs do raise the steady state value of the frequency if the control process is activated and thereby assist with the frequency control. 
B. Scenario 4: The droop characteristics
The investigation is performed to investigate how the EVs react and affect the system when the controller is given a lower droop value. The investigation is performed on a grid with a 90% wind power penetration, where there are only two conventional generators active after the event. The controller is simulated with a 4% droop as in scenarios 1-3 and with a 1% droop characteristics for the frequency control both with and without the logic part.
The Logic part was tested in the scenario and was proven to be an important part of the control process. The frequency was stable, had a higher steady-state value and the number of changes of the charging level was reduced if the Logic part was activated. If the controller was tested with a 1% droop characteristic, the control process began to oscillate when the logic part was deactivated as reported in Fig. 8 . 
C. Scenario 5: Different time delays between areas
The simulation is performed to investigate how different control process time delays between the areas affect the system. The different time delays used for the investigation can be found in TABLE 2. The investigation is performed on the same grid as in scenario 4.
TABLE 2
The different time delays within the areas.
The simulations results reported in Fig. 9 show that the nadir value is not the same for all the cases but it was noticed that the cases with a higher nadir have a lower steady-state frequency than the other cases. This occurs because the higher nadir causes a lower overshoot of the frequency, which is the frequency peak after the nadir. This means that the charging level would only fall one level in cases 3 and 5, but is prevented by the logic part. The other three cases include the extra step in the charging level and therefore the charging level change is allowed by the logic part as the change is two steps. This results in a higher charging level in cases 3 and 5, leading to a lower steady-state frequency.
D. Scenario 6: Different time delays among phases
The simulation is performed to investigate how a different distribution of the EVs on the three phases affects the system. The vehicles are distributed on the phases by giving different time delays to the vehicles on the three phases. The investigation is performed on the same grid as in scenarios 4-5. Results show that the steady-state frequency is higher in case 3 than in case 2. As explained before this is because the active power consumption of the EVs is changed only once and that is to the lowest consumption possible for the vehicles. The load unbalance between the phases does not seem to have a negative influence on the frequency or the vehicles control process. The voltage unbalance factor does not exceed the 2% limit at any time of the simulations period and therefore it can be concluded that the EVs control process does not cause a larger voltage unbalance than the standards allow.
E. Scenario 7: Fast-reacting vehicles
The investigation is performed to investigate what advantages and disadvantages come with shorter time delays within the control process of the EVs. The investigation is performed on the same grid as in scenario 4, 5 and 6. The simulations performed in the previous scenarios showed that the ROCOF values always remained the same. The investigation performed in scenario five showed the nadir is improved with fast reaction from the EVs. It was found through the simulations in scenario 7 that the ROCOF value changed through the cases where the time delays of the control process were reduced as reported in Fig. 10 .
V. CONCLUSION AND FUTURE WORK
The possibility of using the EVs for primary frequency control was investigated on the Pan-European grid with different levels of wind power penetration. Unidirectional single-phase charging vehicles were successfully aggregated within their respective area. The simulations scenarios showed that the aggregated EVs can contribute to the frequency control by raising the steady-state frequency and do not have any noticeable negative effects on the system. The different levels of wind power penetration did not affect the EVs much but with 90% wind power penetration a greater reaction was observed from the vehicles because the frequency fell to a lower level than in the other scenarios. The EVs controller was first simulated with a 4% droop characteristic but it was found that a 1% droop gave a better result if the logic part was activated. With a 1% droop characteristic for the controller the logic part is necessary to prevent oscillations within the control process as the control process becomes more sensitive for any frequency changes. The control process includes some time delays which represent all the different time delays of the whole control process. Those time delays were used in the investigations as the different areas and vehicles might not have the same characteristics. By giving different time delays to the controllers in the three areas the vehicles had different reactions times among the areas. This was found to cause no instabilities or significant behavior changes in the grid. In two of the cases the EVs in one area were given a fast reaction time and it was noticed that there was a higher value in the nadir but a lower steady-state frequency. When the grid was tested with different time delays between the phases no instabilities were found while some imbalances were noticed in the voltage. Again two cases which included fast reacting vehicles and the same changes were noticed in the nadir and steady-state frequency. The different time delays between the area and the phases do not cause any instability but different time delays among the phases do cause imbalances within the grid, which can be seen in the grids currents and voltage levels as well as the low voltage transformers neutral current. The last scenario was performed to investigate if the vehicles could change the ROCOF value by reacting fast to the frequency changes. The controllers were given very low time delays values for this investigation. The investigation showed that the fast reacting vehicles affected the ROCOF and nadir value, but as previous investigations had shown, with a lower steadystate frequency.
Future work will investigate possible conflicts between frequency control and voltage control by electric vehicles as well as assessing how often there is a need in the power system for upward regulation reserve in the primary frequency control in order to better size the initial charging current of a set of EVs participating in frequency control based on unidirectional charging.
